Southern cowpea mosaic virus (SCPMV) is a spherical RNA virus with T ϭ 3 icosahedral symmetry. The particle is composed of 180 subunits of the coat protein (CP) and one copy of the positive-sense viral RNA. The CP has two domains, the random (R) domain formed by the N-terminal 64 aa and the shell (S) domain (aa 65-260). The R domain is highly charged, with 11 of the N-terminal 30 residues being basic. It is localized to the interior of the native particle where it may interact with the viral RNA, but under certain pH and salt conditions the topology of the particle changes to externalize the R domain. Since the CPs of several spherical RNA viruses have been shown to interact with host membranes during infection, we have begun investigating the membrane interactions of the SCPMV CP using the artificial liposome membranes. Both the native CP and the R domain overexpressed in Escherichia coli were observed to interact with liposomes. The interaction between the R domain and liposomes required either anionic phospholipids or non-bilayer-forming lipids and involved electrostatic interactions since it was shown to be both pH and ionic strength dependent. The analysis of four different deletion and six different site-directed substitution mutations partially mapped the region responsible for this interaction to residues 1-30. Analysis of this region of the R domain by circular dichroism indicated that it assumes an ␣-helical structure when exposed to liposomes composed of anionic lipids. Mutations, which extend the helical nature of this region, promoted an increased interaction. The possible role of the CP/lipid interaction in the SCPMV infection is discussed.
INTRODUCTION
Southern cowpea mosaic virus (SCPMV; previously named the cowpea strain of Southern bean mosaic virus) is a member of the Sobemovirus genus of positive-sense RNA viruses (Hull et al., 2000) . SCPMV assembles into a 28-nm sphere composed of 180 subunits of the viral coat protein (CP) and a single copy of the 4194 nucleotide (nt) RNA genome (Hull, 1988) . It is transmitted via leaf beetles, as well as through infected seed stock and by mechanical means (Hull, 1988) . It systemically infects most cultivars of Vigna unguiculata (cowpea) but does not infect other legumes (Shepherd and Fulton, 1962) .
The structure of SCPMV has been resolved to 2.8 Å by X-ray crystallography (Abad-Zapatero et al., 1980) . These studies revealed that the CP is composed of two domains, an N-terminal domain of 64 aa termed the random (R) domain and a shell (S) domain of 196 aa. The R domain can be divided into three distinct regions: (1) a highly basic N-terminal region of 39 aa, containing seven Arg and five Lys residues; (2) a central region of residues 40-53 that contributes to a structure known as the ␤-annulus; and (3) a region including residues 54-64 that can form a ␤-sheet termed ␤A that interacts with the S do-main in some CP subunits (Hermodson et al., 1982) . The R domain is localized to the interior of the particle where it may interact with the viral RNA (Abad-Zapatero et al., 1980) . This concept is supported by our recent demonstration that the R domain is able to tightly bind RNA via sequence-independent interactions in vitro (Lee and Hacker, 2001) .
SCPMV has been shown to be stabilized by pH-dependent protein-protein interactions, protein-RNA interactions, and divalent metal ions (Hull, 1977) . It has also been observed that the Ghana strain of Southern bean mosaic virus (SBMV-G), a related sobemovirus, can undergo a structural reorganization that allows its diameter to increase from 29.9 to 44.0 nm (Brisco et al., 1986a) . This expansion has been shown to occur after treatments with chelating agents such as EDTA at neutral pH. It has also been demonstrated by multiple-angle, timeresolved light scattering that SCPMV expands when incubated at neutral pH in the presence of NaCl at a concentration of 100 mM or higher (C. A. Fitch and B. Garcia-Moreno, unpublished data). The subsequent addition of higher levels of NaCl (Ͼ0.5 M) results in dissociation of the virus (Hsu et al., 1976; Tremaine et al., 1982) . Although the R domain is observed in the interior of the native particle, expansion results in its translocation to the exterior of the particle, as demonstrated by the binding of an R domain-specific monoclonal antibody to expanded but not native particles (MacKenzie and Tremaine, 1986 ). Furthermore, treatment of expanded SCPMV with trypsin reduced the radius of gyration of expanded particles from 24 to 14 nm, suggesting that trypsin digestion removes the externalized R domains (Fitch and Garcia-Moreno, unpublished data) . The role of the R domain translocation is not known, but it may permit the highly basic region of the R domain to interact electrostatically with anionic cellular components. One possible site of interaction is the anionic head groups associated with different phospholipids of cellular membranes. It is not known if particle expansion and topological reorganization are necessary for the SCPMV infection cycle, but the addition of expanded SCPMV to wheat germ extract or rabbit reticulocyte lysate results in the translation of the viral RNA (Brisco et al., 1985 (Brisco et al., , 1986b Shields et al., 1989) . Based on these in vitro observations and the results from expansion studies, it was concluded that SCPMV is disassembled in vitro by a cotranslational mechanism.
The SCPMV structural studies revealed the presence of pores at the fivefold axes of symmetry (Silva et al., 1987) . These pores were predicted to function as ion channels (Silva et al., 1987) . It has recently been demonstrated that SCPMV has ion channel activity when incorporated into planar lipid bilayers (Helrich et al., 2001) . The SCPMV ion channel selectively transports cations and the conductivity is pH-dependent (Helrich et al., 2001) . Moreover, the ion channel activity was observed under conditions that have been shown to result in expansion of the particle (300 mM KCl at pH 7.5) (Helrich et al., 2001) . It has also been reported that the ␥ peptide of the flock house virus (FHV) CP and poliovirus (PV) function as an ion channel in a planar lipid bilayer Tosteston and Chow, 1997) . In the case of SCPMV, the region of the CP responsible for the lipid interaction may be the R domain that is translocated to the viral surface following expansion. Consistent with this proposal, it has been demonstrated that the purified SCPMV CP interacts with negatively charged liposomes in the presence but not in the absence of the R domain (Datema et al., 1987) .
In this study, the interaction between the SCPMV CP and artificial membranes was investigated using a liposome dye-release assay and circular dichroism. The ability of native CP, native S domain, and recombinant R domain to interact with liposomes was analyzed. It was determined that the R domain rather than the S domain is critical for the liposome interaction. Analysis of both deletion and site-directed mutants within the R domain demonstrated that the N-terminal 30 residues are necessary and sufficient for the interaction. It was also demonstrated that the interaction requires a negatively charged lipid such as phosphatidic acid (PA) or a nonbilayer lipid such as phosphatidyl ethanolamine (PE) and is mediated by electrostatic interactions. CD studies showed that incubation of the N-terminal 30 residues of the R domain in the presence of liposomes increased its ␣-helical content. Substitution mutations in this region of the R domain demonstrated that modulation of the helical tendency of this region affects its interaction with lipids. The potential role of CP/membrane interactions in SCPMV transmission and replication is discussed.
RESULTS

Purification of CP, CP-derived S domain, and recombinant R domain fusion proteins
The SCPMV CP was purified from dissociated virus, and the 22-kDa S domain (aa 62-260) was isolated from the SCPMV CP by mild trypsin digestion which cleaves the CP at Arg 61 (Erickson and Rossmann, 1982) . Schematic representations of the CP and the S domain are shown in Fig. 1A . The R domain (aa 1-57) was expressed in Escherichia coli using pET30b, an expression vector, as a recombinant protein (rWTR) with an estimated molecular weight of 14.4 kDa that included a nonviral Cterminal extension of 8.1 kDa containing two histidine tags and one S tag (His-S tag domain) ( Fig. 1B) . Four deletion mutations and six proline or alanine substitution mutations were introduced within the R domain to alter either the flexibility or the charge distribution of rWTR (Figs. 1B and 1C) . Figure 2 shows a Coomassie brilliant blue stain of SDS-PAGE of the purified viral and recombinant proteins used in this study. All of the proteins had apparent molecular weights close to the predicted values shown in Fig. 1 .
Interaction of the SCPMV CP with liposomes
The interaction between the SCPMV CP and neutral or negatively charged liposomes was investigated using a dye-release assay. When the fluorescent dye calcein is entrapped in liposomes, it is self-quenched, but if it is released following liposome lysis, it will fluoresce when excited at the appropriate wavelength. Using this assay, the ability of the SCPMV CP to interact with membranes was investigated.
When the purified SCPMV CP was mixed with negatively charged PC/PA (8:2) liposomes, 100% calcein release was observed (Fig. 3A) . In contrast, only Ϸ7.0% of the calcein was released from neutral PC liposomes in the presence of the CP (Fig. 3A) . To identify the CP domain that is required for the liposome interaction, the R domain and the S domain were tested separately for the ability to induce lysis of PC/PA liposomes. In the presence of rWTR, 100% of the dye was released from the negatively charged liposomes while almost no dye release was observed when neutral liposomes were incubated with rWTR ( Fig. 3A) . No dye release was observed when the liposomes were incubated with the His-S tag protein, demonstrating that dye release in the presence of rWTR is due to the interaction with the R domain. The S domain produced only Ϸ20-25% dye release from either PC or PC/PA liposomes ( Fig. 3A) . Similar results were observed when dye release from PC/PA liposomes was measured as a function of protein concentration using the SCPMV CP, rWTR, the S domain, and the His-S tag protein ( Fig. 3B ). These results demonstrated that the SCPMV CP interacts with negatively charged liposomes but not with neutral liposomes and that the membrane interaction region of the CP is located within the R domain.
Deletion mapping of the membrane-interaction region of the R domain
The region of the R domain that interacts with PC/PA liposomes was initially mapped using four internal dele-tion mutants r⌬1-16, r⌬17-30, r⌬31-39, and r⌬40-53 ( Fig. 1B ). Dye release from PC/PA liposomes was measured as a function of protein concentration (Fig. 4 ). The deletion of aa 1-16 and aa 17-30 significantly reduced the interaction between the liposomes and the R domain ( Fig. 4 ). The deletion of aa 1-16 yielded only about 10% dye release even at the highest protein concentration tested. On the other hand, the deletion of aa 31-39 did not noticeably alter the ability of the R domain to interact with PC/PA liposomes. At most concentrations of r⌬40-53, the dye release was less than that caused by the same concentration of rWTR ( Fig. 4) . These results demonstrated that the N-terminal 30 residues of the R domain are important for the interaction between the R domain and PC/PA liposomes and that residues 1-16 are required for this interaction. 
Effects of basic residues within the R domain on the liposome interaction
The N-terminal 30 aa of the R domain includes 11 basic residues (Fig. 1C ), and we have shown that rWTR interacts with negatively charged liposomes but not with neutral liposomes. Therefore, to determine whether these basic residues contribute to the rWTR/membrane interaction, alanine substitution mutants (rA1 and r3A) were analyzed for their ability to induce lysis of PC/PA liposomes. rA1 has alanine substitutions for all eight basic residues in the arginine-rich region, and r3A has alanine substitutions for the basic residues at positions 3, 6, and 7 of the R domain (Fig. 1C ). The percentage dye release from PC/PA liposomes was measured in the presence of varying concentrations of rWTR, rA1, or r3A ( Fig. 5 ). Both mutants caused less dye release than rWTR over all protein concentrations tested, but rA1 affected dye release more dramatically than r3A. The level of dye release resulting from incubation of liposomes with rA1 was about the same as that resulting from incubation with r⌬17-30 (cf. Fig. 4 ). These results demonstrated that the basic residues within the N-terminal 30 aa are important for the interaction between the R domain and PC/PA liposomes.
Effects of salt concentration and pH on rWTR-mediated dye release
Since charge interactions are involved in the rWTR/ liposome interaction, the effect of NaCl concentration on this interaction was analyzed. rWTR of 0.2 M was preequilibrated in PBS containing supplementary NaCl (50-150 mM) and incubated with PC/PA liposomes. As the concentration of NaCl increased, the percentage of dye release in the presence of rWTR decreased ( Fig. 6A ). At 150 mM of added NaCl, dye release was almost completely inhibited (Fig. 6A ). The effect of pH on the interaction between rWTR and PC/PA liposomes was also investigated. rWTR of 0.2 M was preequilibrated in PBS at the stated pH values and then incubated with PC/PA Percentage dye release was determined as described by Pinnaduwage and Bruce (1996). liposomes. As shown in Fig. 6B , acidic pH conditions reduced the level of dye release mediated by rWTR. In contrast, no effect of basic pH on dye release was observed.
Effect of secondary structure of the R domain on the interaction with liposomes
Residues 6-14 of the R domain were predicted by the AGADIR program to fold into an ␣-helix (Muñoz and Serrano, 1997) . To determine whether the secondary structure of the R domain contributes to its interaction with PC/PA liposomes, three R domain mutants, each with a single proline substitution, were analyzed by the dye release assay. rP1, rP2, and rP3 contain proline substitutions for Arg 3, Lys 7, or Ala 27, respectively (Fig.  1C ). In addition, a fourth mutant (rP4) having alanines substituted for the proline residues at positions 18, 19, and 21 (Fig. 1C ) was also analyzed. It has been well shown that the introduction of one or more prolines into a peptide can either disrupt a helix or lower the tendency to form helixes in certain solvents (Alber et al., 1988) .
Accordingly, the ␣-helix content of rP4 is predicted to increase compared to that of rWTR. The proline substitutions within the N-terminal 16 residues (rP1 and rP2) had a negative effect on the interaction of the R domain with the liposomes (Fig. 7A ). The proline substitution within the arginine-rich region (rP3) had no effect on dye release (Fig. 7A) . Interestingly, the substitution of alanines for three prolines near the arginine-rich region (rP4) measurably enhanced the rate of dye release, as compared to that of rWTR ( Fig. 7A ).
To determine whether there is a correlation between ␣-helicity of the R domain and the ability to induce dye release, the ␣-helical content of rWTR, rP2, and rP4 was measured by CD in the presence of 20% TFE (trifluoroethanol). In agreement with the ␣-helix predictions of the rWTR, rP2, and rP4 using the AGADIR program, the degree of ␣-helical conformation was greatest for rP4 and that of rP2 was slightly less than that of rWTR ( Fig.  7B ). Figure 7C shows the percentage of ␣-helix of rWTR, rP2, and rP4 measured by CD in the presence of 0, 10, and 20% TFE. The ␣-helix content of rWTR, rP2, and rP4 in the absence of TFE was Ͻ19%; however, the ␣-helix content of the proteins was increased in the presence of TFE ( Fig. 7C) . At the highest concentration of TFE (20%), the ␣-helix content of rWTR, rP2, and rP4 was 29, 25, and 38%, respectively. The results in Fig. 7 suggest that the formation of an ␣-helix within the N-terminal 16 aa of the R domain positively influences the interaction between the R domain and PC/PA liposomes.
Lipid composition dependence of the rWTR/liposome interaction
To determine whether the dye release mediated by rWTR is dependent upon the lipid composition, liposomes with different lipid compositions were tested. PG, PE, and PS were included in the experiment. PE is the only one among these three that is a non-bilayer-forming lipid. The incubation of rWTR with PC/PE (8:2) liposomes resulted in a release of 53% of the dye while 40% of the dye was released following incubation with PC/PE/PG (7:2:1) liposomes (Fig. 8) . Much less dye release was observed when rWTR was incubated with PC/PS (8:2), PC/PG (9:1), or PC/PE/PS (2:5:3) liposomes (Fig. 8) . These results suggest that the rWTR/liposome interaction may be dependent upon the presence of anionic (PA) or non-bilayer-forming (PE) lipids in target membranes.
The interaction between CP peptide 1-30 and liposome
The experiments described above implicated the Nterminal 30 aa of the SCPMV CP in its interaction with liposomes. To determine whether these 30 residues are sufficient for the interaction, a peptide corresponding to aa 1-30 of the CP (CP peptide 1-30 ) was tested for its ability to interact with PC/PA liposomes. As shown in Fig.  9A , incubation of varying amounts of the peptide with liposomes resulted in release of nearly 100% of the dye with 0.1 M peptide, results similar to those observed for rWTR (cf. Fig. 3B ). To determine whether the peptide has the same lipid requirements for membrane interaction as rWTR, CP peptide 1-30 was incubated with PC, PC/PA (8:2), PC/PE (8:2), or PC/PE/PG (7:2:1) liposomes. The results shown in Fig. 9B indicate that the peptide also interacts strongly with anionic (PA) or non-bilayer-forming (PE) lipids.
The CD data reported in Fig. 7 suggest that the Nterminus of the SCPMV CP may fold into an ␣-helix under certain conditions. Previously, CP peptide 1-30 has been shown to be a random coil conformation in 20 mM potassium phosphate, pH 7.4 (Lee and Hacker, 2001 ). Therefore, it is possible that the secondary structure of this region of the CP changes from a random coil to an ␣-helix upon membrane binding. To determine whether this is the case, CD spectra of the CP peptide 1-30 in the presence and absence of PC/PA liposomes was determined. As shown in Fig. 10 , CP peptide 1-30 was shown to be a random coil in 20 mM potassium phosphate, pH 7.4. However, when the peptide was incubated in the presence of a saturating level of PC/PA liposomes, the ␣-helical content of the peptide was increased to approximately 25% (Fig. 10 ). This result demonstrated that the N-terminal 30 aa of the CP has a tendency to form an ␣-helix upon membrane binding.
DISCUSSION
In this study we investigated the interaction between the SCPMV CP and artificial membranes. Consistent with the previous results of Datema et al. (1987) , we have demonstrated that the interaction between the SCPMV CP and liposomes is mediated by the N-terminal 30 residues of the CP. Residues 1-16 in particular were shown to play a critical role in the liposome interaction. This region of the R domain is predicted to fold into an ␣-helix, and it was demonstrated that the N-terminal 30 residues of the R domain undergo a conformational change from random coil to ␣-helix upon interaction with the liposome. The interaction was also shown to be strongly dependent on the presence of anionic (PA) or non-bilayer-forming (PE) lipids, and it was shown to be sensitive to high salt concentration and acidic pH.
The involvement of the arginine-rich region in the membrane R domain interaction, the sensitivity of the interaction to high salt, and the requirement for anionic lipids suggest that electrostatic interactions significantly contribute to the ability of the CP to bind liposomes.
Thus, the sensitivity of the interaction in high salt (NaCl) or acidic pH may be due to Na ϩ or H ϩ that interact with negatively charged head groups of the liposome. Positive charges induce aggregation among negatively charged liposomes. Therefore, alternatively, positive charge interactions with the negatively charged lipid head groups could prevent bilayer penetration by the peptide, thereby decreasing the efficiency of dye release. However, factors other than electrostatic interactions are likely to be involved because elimination of the argininerich region in r⌬17-30 or rA1 did not completely abolish the ability of the R domain to interact with liposomes. In addition, 28% dye release was observed in the presence of 100 mM supplemental NaCl.
It is clear from the results that the N-terminal 16 aa of the R domain are a major contributor to the interaction with liposomes. This region contains only three basic residues, and they were shown to be largely dispensable for the liposome interaction. Residues 6-14 of the R domain were predicted by the AGADIR program to fold into an ␣-helix (Muñoz and Serrano, 1997) . It was shown that CP peptide 1-30 is able to adopt a significant percentage of ␣-helical structure in 50% TFE (Lee and Hacker, 2001) and in the presence of liposomes. Furthermore, a substitution mutation which increased the ␣-helical content of the R domain increased the rate of dye release from liposomes, and substitution mutations which decreased the ␣-helical content of the R domain decreased the level of dye release. These results strongly suggest that the ability of the 16 N-terminal residues to interact with membranes is due to its potential to form an ␣-helix. By analogy, it has been shown that the ␥ peptide of the flock house virus CP induces structural change from a random coil to an ␣-helix upon addition of liposomes . The ␥ peptide is predicted to form an amphipathic ␣-helix, and it has been shown to bind to FIG. 10 . CD spectra of CP peptide 1-30 in the absence or presence of PC/PA (8:2) liposomes. CP peptide 1-30 was incubated in 20 mM potassium phosphate buffer (pH 7.4) in the presence of PC/PA (8:2) liposomes for 1 h at room temperature and measured by CD. CP peptide 1-30 in 20 mM potassium phosphate buffer (pH 7.4) was prepared at the same condition and measured by CD. membranes in vitro Janshoff et al., 1999) . In addition, insertion of the ␥ peptide into a planar lipid bilayer results in ion conductivity across the membrane . Similarly, the N-terminus of poliovirus VP1 is predicted to fold into an amphipathic ␣-helix and is responsible for binding of virus to liposomes (Fricks and Hogle, 1990) . It has been shown that the 160 S and 135 S PV particles have ion channel activity in a planar lipid bilayer (Tosteson and Chow, 1997) . Based on these results, it has been proposed that the N-termini of several VP1 proteins or ␥ peptides may form a channel in the plasma membrane or the endosomal membrane to allow passage of the viral RNA into the cytoplasm of the infected cell (Fricks and Hogle, 1990; Bong et al., 1999) .
In the present study, we propose that the N-terminal 30 aa of the CP interact with membranes in a two-step process. First, the basic residues in the arginine-rich region are expected to interact electrostatically with negatively charged groups on the membrane, causing structural change in the N-terminus of the R domain from a random coil to an ␣-helical conformation. This ␣-helical conformation may locate proper amino acids into a correct position so that they induce membrane disruption.
The interaction of the R domain with membranes was shown to be dependent on the presence of anionic (PA) or non-bilayer-forming (PE) lipids. Non-bilayer lipids adopt the molecular shape of a cone or wedge and prefer to pack in an inverted phase with the polar head groups facing inward and the hydrophobic acyl chains projecting toward the exterior. These lipids form a reversed hexagonal array known as H II -phase organization (Bruce, 1998) . Both PA and PE are found in the plant plasma membrane, with PE being the most abundant (Larsson et al., 1990) . In etiolated seedlings of the legume Vigna radiata (mung bean), PA and PE constitute 16 and 38%, respectively, of the total phospholipid in the plasma membrane (Yoshida and Uemura, 1986) . Thus, these phospholipids may play an important role in the infection cycle of SCPMV in its host.
The biological relevance of the R domain membrane interaction is not known, but there are several points in the life cycle of the virus in which a CP-membrane interaction may be involved.
1. The interaction may be necessary to dock the virus particle to a cellular membrane where viral RNA synthesis can occur. Positive-sense RNA virus RNA replication usually occurs in association with a cellular membrane (Chen and Ahlquist, 2000; Schaad et al., 1997) . After SCPMV entry, it is expected that the virus particle expands under physiological conditions, resulting in the externalization of the R domain. The exposed R domain may then allow the particle to dock to a membrane that is the site of viral RNA replication. Subsequent translation of the viral RNA would result in the production of the viral RNA polymerase near its site of function.
2. The interaction may be necessary for SCPMV cellto-cell movement. It has been demonstrated that local movement of SCPMV requires the CP . This means that either the virus particle or an RNA-CP complex moves from cell to cell. The mechanism of SCPMV cell-to-cell movement is not yet known. One possibility is that the expanded SCPMV particle docks to the plasma membrane within or near the plasmodesmata and that this step is necessary to allow transport of SCPMV particles through the plasmodesmata.
3. The interaction may be important for beetle transmission of SCPMV. It has been demonstrated that following ingestion of SCPMV by the vector the virus enters the hemocoel through the peritrophic membrane-lined midgut but not through the cuticle-lined foregut or hindgut (Wang et al., 1994) . These observations suggest that a specific interaction between the virus and some component of the midgut occurs and that this interaction is necessary for the passage of ingested viruses from the midgut to the hemocoel (Wang et al., 1994) . 4. The CP or the virus particle may form an ion channel in a cellular membrane to alter the ion flux into or out of the cytoplasm. It has been observed that early after infection with PV, the plasma membrane becomes permeable to ions and the cytoplasmic level of Na ϩ increases, while that of K ϩ decreases (Ferná ndez-Puentes and Carrasco, 1980) . It is not known if the PV capsid is responsible for these changes in membrane permeability. However, the alteration of ionic conditions in the infected cell may be favorable for virus infection, particularly for enhanced translation of the viral RNA (Carrasco, 1995) . It has been demonstrated that SCPMV translation is insensitive to high salt in vitro (K. Sivakumaran and D. L. Hacker, unpublished data).
Consequently, further research on the SCPMV life cycle will be necessary to determine whether one of these proposed functions for the CP-membrane interaction is correct. It will also be interesting to determine whether CP peptide 1-30 causes ion flux across a planar lipid bilayer and whether or not the SCPMV CP interacts with membranes in vivo.
MATERIALS AND METHODS
Materials
Phosphatidylcholine (PC, 99% purity), phosphatidyl ethanolamine (99% purity), phosphatidylserine (PS, 99% purity), 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol (dimyristoylphosphatidylglycerol, DMPG, 99% purity), and 1,2-dilauroyl-sn-glycero-3-phosphatidic acid (dilauroylphosphatidic acid, DLPA, 99% purity) were purchased from Avanti Polar Lipids, and calcein was purchased from Sigma Chemical. A synthetic peptide corresponding to the N-terminal 30 amino acids (CP peptide 1-30 ) of the SCPMV CP were prepared at the Keck Biotechnology Resource Laboratory at the Yale University School of Medicine.
Construction of the R domain expression plasmids
The construction of plasmids pWTR, p⌬1-16, p⌬17-30, p⌬31-39, p⌬40-53, pA1, p3A, pP1, pP2, pP3 , and pP4 has been described previously (Lee and Hacker, 2001) . Briefly, the region of the SCPMV genome-encoding residues 1-57 of the CP was amplified by polymerase chain reaction (PCR) using oligonucleotides SBMV53 and SBMV70 (Table 1) as primers and the SCPMV cDNA clone pSBMV2 as a template . The PCR product was digested with NdeI and cloned into the NdeI site of pET30b (Novagen) to produce pWTR. p⌬1-16 was generated by PCR amplification using oligonucleotides SBMV77 and SBMV70 (Table 1) as primers and pSBMV2 as a template. The PCR product was digested with NdeI and cloned into the NdeI site of pET30b. p⌬17-30, p⌬31-39, and p⌬40-53 were constructed by site-directed mutagenesis of pWTR using oligonucleotides SBMV78, SBMV79, and SBMV80 (Table  1) , respectively, and single-strand pWTR DNA as a template (Kunkel, 1985) . pA1, pP3, and pP4 were constructed by overlapping PCR mutagenesis using pWTR as a template (Horton et al., 1990) . For example, for pA1, two overlapping PCR products were generated using the oligonucleotide pairs SBMV104/107 and SBMV105/106 as primers (Table 1 ). The two PCR products were eluted from an agarose gel and combined in an overlap exten-sion reaction in the presence of oligonucleotides SBMV104 and SBMV105. Similarly, overlapping PCR products for pP3 and pP4 were generated using the oligonucleotide pairs SBMV104/109 and SBMV105/108, and SBMV104/151 and SBMV105/150, respectively (Table  1) . For each construct, the two PCR products were combined to generate an overlapping PCR product using oligonucleotides SBMV104 and SBMV105 as primers. p3A was constructed by PCR amplification using pWTR as a template and the oligonucleotides SBMV128 and SBMV105 as primers (Table 1 ). pP1 and pP2 were generated by PCR using the oligonucleotide pairs SBMV130/ 105 and SBMV132/105 as primers (Table 1) , respectively, and pWTR as a template. For all constructs, the PCR product was eluted from an agarose gel, digested with NdeI, and cloned into the NdeI site of pET30b. All mutations were confirmed by DNA sequencing.
Protein expression and purification
Expression of recombinant R domain proteins in E. coli was carried out by established protocols (Studier and Moffatt, 1986) . Briefly, plasmid DNA was transformed into E. coli strain BL21 (DE3), and recombinant protein expression was induced by addition of isopropyl-␤-D-thiogalactopyranoside (IPTG) to a final concentration of 1 mM. After incubation for 3 h, the cells were collected by centrifugation, resuspended in TBS (25 mM Tris base, 3 mM KCl, and 140 mM NaCl, pH 7.5) containing 1 mM dithiothreitol (DTT), 1% Triton X-100, and 1 mM phenylmethylsulfonyl fluoride (PMSF), and lysed by sonication (Zhao et al., 1995) . The cell lysate was clarified by centrifugation and the recombinant protein was purified from the soluble fraction by affinity chromatography using a Ni 2ϩ -chelating column (Novagen). Purified proteins were first analyzed by SDS-PAGE and then dialyzed against 10 mM Tris-HCl (pH 8.0), 25 mM NaCl, and 0.1 mM PMSF. Proteins were clarified by centrifugation and soluble fractions were subjected to another dialysis. For the dye-release assays, proteins were dialyzed against PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , and 1.8 mM KH 2 PO 4 , pH 7.4). For CD experiments, proteins were dialyzed against 20 mM potassium phosphate buffer, pH 7.4. The His-S tag domain protein derived from the vector, pET30b, was recovered by the same procedure from E. coli BL21 (DE3) cells transformed with pET30b. For further purification, the protein was filtered using an YM 30 membrane (Amicon) and the filtrate was concentrated using an YM 5 membrane (Amicon). Protein concentration was determined by the Bradford assay.
Coat protein preparation
SCPMV was propagated and purified as described by Johnson et al. (1974) . The SCPMV CP was purified from virus as described by Erickson and Rossmann (1982) . Briefly, the virus (10-20 mg/ml) was expanded in 0.1 M sodium phosphate buffer (pH 8.0) containing 0.01 M EDTA and 1 mM PMSF for 2 h at 0°C and then dissociated by adding an equal volume of 4 M LiCl and freezing overnight at Ϫ20°C. The RNA precipitate was removed by low-speed centrifugation for 20 min at 4°C. The supernatant was first dialyzed in the cold against 0.01 M phosphate buffer (pH 8.0) containing 0.01 M EDTA and 1 mM PMSF and further dialyzed against PBS.
S domain preparation
S domain was prepared from purified SCPMV CP by mild trypsin digestion (Erickson and Rossmann, 1982) . Briefly, the CP was mixed with trypsin in a ratio of 100:1 (w/w) CP to trypsin (Sigma), incubated for 1 h at room temperature, and examined by SDS-PAGE. The protein digest was dialyzed against PBS, pH 7.4, in a membrane with 6-to 8-kDa cut-off size to remove low molecular weight peptides.
Liposome preparation
Liposomes were prepared according to a previously described procedure (Pinnaduwage and Bruce, 1996) , with modifications. Briefly, lipid vesicles were prepared by mixing appropriate mixtures of lipids (10 mM) in chloroform. The solvent was then evaporated under a stream of N 2 , and the samples were vacuum desiccated overnight. The dried lipid film was then hydrated for 1 h in PBS, pH 7.4, containing 1 mM EGTA, 0.02% sodium azide, and 50 mM calcein. For CD analysis, the dried lipid film was hydrated in 20 mM potassium phosphate buffer containing 1 mM EGTA and 0.02% sodium azide without 50 mM calcein. Small unilamellar vesicles were prepared by vortexing the lipid mixture and then sonicating for 5 min in a bath sonicator (Laboratory Supplies Inc.). Two additional sonication cycles were performed with a 4-5 h interval. Free unincorporated calcein was removed by size exclusion chromatography on a Bio-Gel A 0.5-m column equilibrated in PBS containing 1 mM EGTA and 0.02% sodium azide. Liposomes eluted in the void volume fractions showed calcein fluorescence quenching of Ͼ70-85% (see the equation below).
Fluorescence quenching measurement of vesicle leakage
Fluorescence of liposomes was measured as described (Pinnaduwage and Bruce, 1996) using a Perkin-Elmer LS 50 Spectrofluorometer. Fluorescence excitation was at 490 nm. Percentage fluorescence quenching was calculated from the formula % Quenching ϭ ͑1 Ϫ F 0 /F t ͒ ϫ 100, where F 0 and F t are the fluorescence of the liposome samples before and after addition of 0.1% Triton X-100, respectively.
Protein/peptide-induced calcein release from liposome
Liposomes containing entrapped calcein were mixed with various concentrations of recombinant proteins and peptides as indicated in the figure legends in 2 ml of reaction buffer containing PBS, pH 7.4, and 1 mM EGTA. The reaction mixtures were incubated at room temperature for 2 h. The fluorescence measurements were performed as described above. The percentage of calcein release was calculated using the formula % Release ϭ ͑F Ϫ F 0 /F t Ϫ F 0 ͒ ϫ 100, where F 0 and F are the calcein fluorescence before and after the addition of the protein/peptide, respectively, and F t is the total fluorescence after addition of 0.1% Triton X-100. All measurements were done in triplicate.
Circular dichroism spectrophotometry
CD spectra were measured using an Aviv model 202 spectropolarimeter at 25°C with a 1 mm cell. Proteins and CP peptide 1-30 were prepared in 20 mM potassium phosphate, pH 7.4. CD spectra were collected from 260 to 200 nm and reported in terms of ellipticity units per mole peptide residue []. The spectrum of a reference sample was subtracted from the CD spectra of solutions containing protein or peptide. The reported CD spectra are the average of at least three wavelength scans. The spectra were deconvoluted to determine secondary structure content using a neural network-based decon-volution software (CDNN) (Bohm et al., 1992; Dalmas et al., 1994; Andrade et al., 1993) .
